Objective The aim of this study was to investigate the impact of adverse events (AEs) on health utility and healthrelated quality of life (HRQOL) in patients with metastatic breast cancer undergoing first-line chemotherapy. Methods We analyzed the data from the SELECT BC study, a multicenter, open-label, randomized, phase III study conducted in Japan, which compared first-line S-1 with taxane therapies. Heath utility and HRQOL were assessed using the EQ-5D-3L and European Organization for Research and Treatment of Cancer Quality of Life Questionnaire Core 30 (EORTC QLQ-C30) at baseline and 3, 6, and 12 months after treatment initiation. Health utility was calculated based on societal preferences, and AEs were reported at each cycle of the study treatment. Linear marginal mean models were used to quantify the impact of the last AEs (with 10 or more incidences) observed before HRQOL assessment on health utility and HRQOL. Results Analysis included 380 patients and 12 (of 15) AEs. Grade 1 nausea and oral mucositis, grade 1 and 2 edema, and grade 2 fatigue, motor and sensory neuropathy, and myalgia were significantly associated with disutility, measured using the EQ-5D-3L. Grade 1 oral mucositis, grade 1 and 2 fatigue, and grade 2 sensory neuropathy were significantly associated with impaired global health status in the EORTC QLQ-C30. AEs associated with decrements in the five functioning scales included fatigue, oral mucositis, nausea, edema, motor and sensory neuropathy, and myalgia. Conclusions We reported disutilities caused by AEs in patients with metastatic breast cancer under chemotherapy. These findings can be applied to future model-based costeffectiveness analyses. Trial Registration Number C000000416. 
Introduction
Breast cancer remains the most common malignancy in women, with an estimated 1.7 million diagnosed cases and 521,900 mortalities worldwide in 2012 [1] . For metastatic breast cancer, the goal of treatment is to prolong survival time and maintain a good quality of life. Although endocrine therapy is standard for certain breast cancer types, chemotherapy is recommended for others, or in endocrine therapy-resistant cases [2] . Chemotherapy effectively prolongs survival time [3, 4] but often induces a variety of adverse events (AEs).
Effective medical resource allocation requires evaluation of not only clinical effectiveness but also cost effectiveness [5] . Model-based analysis plays an important role in assessing the cost effectiveness of chemotherapy drugs, when several sources of data should be combined [6, 7] . In model-based cost-effectiveness analysis, health utility values for each health state are required to calculate quality-adjusted life-years (QALYs) [8] . For example, the remaining life of a metastatic breast cancer patient can be divided into two health states: pre-progression and postprogression states. Health utility values of each state are used as quality weights for the time spent in each state, and disutility caused by AEs are accounted for by subtracting the impact of AEs from the health utility values of each state.
Several researchers have reported the impact of chemotherapy-induced AEs on health utility in metastatic breast cancer patients [9] [10] [11] [12] [13] . However, few studies using vignette-based methods, such as the standard gamble and time trade-off methods, obtained health-related quality of life (HRQOL) directly from patients [9, 12] . Some guidelines recommend that HRQOL used in cost-effective analysis be measured directly from patients and then valued based on societal preferences [14] [15] [16] [17] . Although one report on the impact of AEs on the EQ-5D-3L index, measured from metastatic breast cancer patients, is available, this study was conducted in a single institution with a small sample size, and the analysis pooled all grades to one category [18] . These limitations led to imprecise and inaccurate estimates. Additional studies for disutility caused by AEs using patient HRQOL data are required.
The aim of this study was to investigate the impact of AEs on health utility, measured using the EQ-5D-3L, in metastatic breast cancer patients receiving first-line chemotherapy. We previously reported the long-term EQ-5D-3L index results from the SELECT BC study, a Japanese multicenter, open-label, randomized, phase III study comparing the oral fluoropyrimidine derivative drug S-1 with taxane as first-line chemotherapy for metastatic breast cancer [19] . The results included health utility values before progression, after progression, and immediately before death. In this study, we used the same EQ-5D-3L data as from the SELECT BC study to estimate disutility caused by AEs. To support interpretation, we also reported the impact of AEs on HRQOL, measured by the European Organization for Research and Treatment of Cancer Quality of Life Questionnaire Core 30 (EORTC QLQ-C30), using the same data.
Methods

Study Population
We used data from the SELECT BC study, a multicenter, open-label, randomized, phase III, non-inferiority study conducted in Japan, in which oral S-1 was compared with taxane (paclitaxel or docetaxel) as first-line chemotherapy for metastatic breast cancer (registered in the UMIN Clinical Trials Registry as C000000416) [20] . The primary endpoint of this randomized study was overall survival, while the secondary endpoints included safety and HRQOL, which we used in the present study. Women aged 20-75 years with histologically confirmed human epidermal growth factor receptor 2 (HER2)-negative and endocrine therapy-resistant breast cancer, metastatic disease at presentation or recurrence after surgery, an Eastern Cooperative Oncology Group performance status score of 0-1, and no previous history of chemotherapy for their recurrent or metastatic disease, were eligible for participation in the study. Patients were randomly assigned 1:1 to receive either taxane or S-1 therapy. Patients assigned to taxane therapy received one of the following regimens intravenously, as chosen by physicians; docetaxel 60-75 mg/m 2 at intervals of 3-4 weeks; paclitaxel 80-100 mg/m 2 weekly for 3 of 4 weeks; or paclitaxel 175 mg/m 2 at intervals of 3-4 weeks. Patients assigned to S-1 therapy received oral S-1 at a dose of 80, 100, or 120 mg/day twice daily, according to their body-surface area, on days 1 through 28 of a 42-day course. The study treatment was continued until tumor progression, occurrence of unacceptable AEs, or completion of six courses (18 or 24 weeks) in the taxane group or four courses (24 weeks) in the S-1 group. Continuation of assigned chemotherapy beyond the specified courses was allowed at the discretion of physicians.
Based on feasibility, HRQOL was assessed in a subset of institutions participating in the SELECT BC study. The collection of high-quality HRQOL data requires cooperation with clinical research coordinators. Institutions in which enough cooperation from clinical research coordinators was unavailable were excluded from HRQOL assessment before initiation of the SELECT BC study.
Assessment of Health Utilities, Health-Related
Quality of Life (HRQOL), and Adverse Events (AEs)
We assessed health utility and HRQOL using the EQ-5D-3L and EORTC QLQ-C30 questionnaires, respectively [21, 22] . Responses to the EQ-5D-3L questionnaire were converted into health utility using a validated algorithm based on societal preferences of the Japanese general population [23] , considering that the SELECT BC study was conducted in Japan. As reference, we also used the value sets for the UK and the US [24, 25] . Additionally, responses to the EORTC QLQ-C30 questionnaire were converted into a single global health status, five functioning scales, and nine symptom scales using the EORTC-recommended scoring guideline [22] . We used the global health status and five functioning scales as HRQOL in the present study. The EQ-5D-3L and EORTC QLQ-C30 were assessed at baseline and 3, 6, and 12 months after the start of the study treatment. At each point, assessment was conducted before the start of the next treatment cycle. Although the EQ-5D-3L assessment continued beyond 12 months in the SELECT BC study [19] , we excluded that data in the present study because a few patients continued the study treatment during that period. All AEs were continuously assessed in accordance with the Common Terminology Criteria for Adverse Events (CTCAE) version 3.0 during the study treatment [26] . The grade and incidence date of each AE were reported for every course of the study treatment. Data on the recovery date from AEs was limited, hence we did not use the data.
Statistical Analysis
We analyzed data from the patient population enrolled in the SELECT BC study that completed both the EQ-5D-3L and EORTC QLQ-C30 questionnaires at baseline. Because AEs were not assessed after the study treatment, we included only the EQ-5D-3L and EORTC QLQ-C30 measured before the end of the last course of the study treatment. We summarized profiles of health utility and HRQOL, and calculated completion rates, defined as the number of completed questionnaires divided by the number of expected responses, excluding patients after the study treatment. We examined predictive factors of incomplete assessments using a multivariable logistic generalized estimating equation.
For processing AE data, we chose 15 non-hematological AEs relevant to the treatment of metastatic breast cancer: febrile neutropenia, fever, fatigue, alopecia, allergy, diarrhea, oral mucositis, nausea, vomiting, anorexia, edema, motor neuropathy, sensory neuropathy, arthralgia, and myalgia. We then identified the last grade of each AE immediately before EQ-5D-3L and EORTC QLQ-C30 assessment (i.e. 3, 6, and 12 months). We counted the total number of incidences for each AE at three time points, and calculated the difference between incidence date of AEs and assessment date of the EQ-5D-3L and EORTC QLQ-C30. Finally, we selected AEs with ten or more incidences for subsequent analysis, meaning that we did not analyze AEs with fewer incidences because those estimates that essentially reflect the small number of assessments would be unstable and imprecise.
We used linear marginal mean models with time-dependent AEs to quantify the impact of each AE on health utility and HRQOL [27] . Analyses using the linear marginal mean model were adjusted for baseline scores, age, treatment, time, and treatment-by-time interaction (see Online Resource 1 for more details) [28] . First, we conducted separate analysis, where only a single analyzable AE (i.e. ten or more incidences) was included in the model. We then conducted simultaneous analysis, where all analyzable AEs were included in the models. Grades of AEs were modeled using linear and quadratic terms. We fitted the models using the generalized estimating equation method [27] .
All analyses were conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). All p value evaluations were two-sided, and a p value \ 0.05 was considered nominally statistically significant without multiplicity adjustment.
Results
Patient Characteristics
Of 618 randomized patients, 405 were included in the QOL population. After excluding 25 patients with incomplete baseline EQ-5D-3L or EORTC QLQ-C30 questionnaires, the analysis population consisted of 380 patients (174 in the taxane group and 206 in the S-1 group). Table 1 shows the baseline characteristics of the analysis population. When the two groups were pooled, median age was 58 years (interquartile range 51-65), 72% of patients had positive hormone receptor status, and 36% of patients had liver metastasis at baseline. Table 2 shows the completion rates and profiles of health utility measured using the EQ-5D-3L, and the global health status in the EORTC QLQ-C30. Completion rates were more than 85% at all three assessment points. Odds ratios for incomplete EQ-5D-3L assessments were 1.17 [95% confidence interval (CI) 0.94-1.46] for the last health utility (per 0.1 points) before incompletion, 1.30 (95% CI 0.94-1.78) for age (per 10 years), and 1.23 (95% CI 0.62-2.45) for the S-1 group. No AE was significantly associated with incomplete EQ-5D-3L assessments. At baseline, health utility and global health status had similar distributions between the two groups. Thereafter, the S-1 group had a better trend of health utility and global health status than the taxane group. Mean health utility ranged from 0.753 to 0.784 in the taxane group, and 0.806 to 0.848 in the S-1 group.
Completion Rates and Profiles of Health Utility and HRQOL
Incidence of AEs
Of the 15 relevant AEs, the following 12 had ten or more incidences: fatigue, alopecia, diarrhea, oral mucositis, nausea, vomiting, anorexia, edema, motor neuropathy, sensory neuropathy, arthralgia, and myalgia (Table 3 ). An incidence rate of more than 10% was observed for fatigue, alopecia, diarrhea, nausea, anorexia, edema, and sensory neuropathy. For all AEs, grades 3 or higher were rare. The median interval between the incidence of AEs and assessment of health utility and HRQOL ranged from 21 to 28 days. Figure 1 and eTable 1 (Online Resource 1) show the impact of AEs on health utility measured by the EQ-5D-3L using societal preferences in Japan. On separate analysis, a significant negative impact was observed for all analyzable AEs, except for anorexia and diarrhea (eTable 1). However, in the simultaneous analysis, a significant negative impact was only observed for fatigue, oral mucositis, nausea, edema, motor neuropathy, sensory neuropathy, and Data are expressed as n (%) unless otherwise specified IQR interquartile range, ER estrogen receptor, PR progesterone receptor, HER2 human epidermal growth factor receptor 2 myalgia (Fig. 1) . More than 0.1-point decrements in health utility were observed for grade 2 motor neuropathy and grade 2 myalgia in the simultaneous analysis. Similar results were also obtained based on societal preferences in the UK and the US (eTable 3 in Online Resource 1). Figure 2 and eTable 2 (Online Resource 1) show the impact of AEs on global health status in the EORTC QLQ-C30. In the separate analysis, a significant negative impact was observed for fatigue, oral mucositis, anorexia, and sensory neuropathy (eTable 2). Of these, only fatigue, oral mucositis, and sensory neuropathy were significantly associated with impaired scores in the simultaneous analysis (Fig. 2) . No AE was associated with more than 10-point decrements in global health status in the simultaneous analysis. Table 2 Completion and profiles of health utility measured using the EQ-5D-3L, and global health status using the EORTC QLQ-C30 In simultaneous analyses of the five functioning scales in the EORTC QLQ-C30, significant impairment was observed in grade 2 motor neuropathy (-21.0; 95% CI -25.4 to -16.7) and grade 2 sensory neuropathy (-6.9; 95% CI -12.3 to -1.5) for physical functioning; grade 1 motor neuropathy (-14.2; 95% CI -26.3 to -2.0), grade 1 and 2 fatigue (-6.7 and -6.8; 95% CI -10.6 to -2.9, and -12.3 to -1.4, respectively), and grade 2 myalgia (-19.9; 95% CI -36.8 to -3.1) for role functioning; grade 1 fatigue (-4.0; 95% CI -7.4 to -0.6) and grade 1 edema (-4.8; 95% CI -9.3 to -0.2) for emotional functioning; grade 1 oral mucositis (-6.2; 95% CI -12.1 to -0.2) for cognitive functioning; grade 1 nausea (-5.9; 95% CI -11.4 to -0.5) and grade 1 edema (-5.6; 95% CI -11.1 to -0.1) for social functioning.
Impact of AEs on Health Utility and HRQOL
Discussion
In the present study, we investigated the impact of AEs on health utility and HRQOL in metastatic breast cancer patients, using the EQ-5D-3L and EORTC QLQ-C30 data from the SELECT BC study. The results suggest that fatigue, oral mucositis, nausea, edema, motor neuropathy, sensory neuropathy, and myalgia were associated with significant disutility, and that fatigue, oral mucositis, and sensory neuropathy were significantly associated with impaired global health status in the EORTC QLQ-C30. These findings can contribute to enhancing model-based cost-effectiveness analysis of chemotherapy by providing disutility values caused by AEs in analysis models.
To the best of our knowledge, there are no comprehensive reports regarding the impact of grade 1 or 2 AEs on the health utility of metastatic breast cancer patients undergoing chemotherapy. Although direct comparison is not feasible due to the difference in grades and populations, some of our findings are consistent with results from previous studies on grade 3 or 4 AEs which used vignettebased methods [9] [10] [11] [12] [13] . For example, grade 3 or 4 oral mucositis was reportedly associated with health utility decrements of 0.151 [11] , and disutility caused by grade 1 and 2 oral mucositis was 0.072 and 0.087 in the present study, respectively. Severe neuropathy (of unspecified grade) was reportedly associated with health utility decrements of 0.22 units [10] , and disutility caused by grade 2 motor and sensory neuropathy was 0.174 and 0.080 in the present study, respectively. However, inconsistencies were also observed between the previous and present studies. For example, alopecia (of unspecified grade) was reportedly associated with health utility decrements of 0.114 [11] , whereas disutility caused by grade 1 and 2 alopecia was below 0.05 and not significant in the present study (note that alopecia only has grades of 0-2 in CTCAE version 3.0). Grade 3 or 4 diarrhea was reportedly associated with health utility decrements of 0.29 and 0.19 [13] , whereas disutility caused by grade 1 and 2 diarrhea was approximately 0 and not significant in the present study. The difference in the latter AE may be explained by the interval between the incidence of AEs and the assessment of HRQOL (see below for more discussion). When one applies estimates of disutility caused by AEs in the present study to other cancers, caution is advised because it is unclear whether these estimates are generalizable to other diseases. Specifically, all patients included in our analyses were female. If available, disease-specific disutility estimates would be better. Our findings reveal that different AEs affected different functioning scales in the EORTC QLQ-C30. Although only three of seven AEs with a significant negative impact on health utility were associated with decrements in global health status, all seven AEs had a significant negative impact on at least one functioning scale. In addition, all AEs that had a significant negative impact on at least one functioning scale were detected as AEs that significantly affected health utility. This supports the multiattribute system for health utility assessment that has been adopted in the EQ-5D in assessing the impact of AEs induced by chemotherapy for metastatic breast cancer. Although the EQ-5D does not directly measure symptoms related to AEs, our findings suggest that the EQ-5D could capture these symptoms indirectly by measuring their effects on functioning in daily life. Recently, mapping studies from the EORTC QLQ-C30 to the EQ-5D have been actively conducted [29] [30] [31] . Because the cancer-specific EORTC QLQ-C30 including the nine symptom scales is considered to be sensitive to chemotherapy-induced AEs, the extent of disutility may be different between direct EQ-5D index values and mapped EQ-5D index values from the EORTC QLQ-C30, and is worthy of further investigation. In the present study, we used data from a randomized controlled trial to assess the impact of AEs on health utility. This novel study design has several advantages relative to previous study designs. First, HRQOL is measured directly from cancer patients undergoing treatment, a recommended procedure in some countries [14] [15] [16] [17] . Second, a large dataset is available due to longitudinal HRQOL assessment (562 EQ-5D index values were used in the present study). Third, assessment of AEs is standardized by the CTCAE. Standardization of description for AEs is one of the challenges in vignette-based methods [32] .
However, this study design also has disadvantages. First, severe AEs cannot be assessed because the incidence of such events is usually low in randomized controlled trials under close monitoring with appropriate dose adjustment. Second, the impact of temporary AEs such as nausea and diarrhea may have been under-evaluated because they have often disappeared at assessment of HRQOL, conducted at the start of the next treatment cycle. To assess grade 3 or 4 AEs or temporary AEs, other study designs that do not use randomized trial data would be appropriate [32, 33] ; the proxy version of the EQ-5D [14, 34] , which has been applied in other research fields such as dementia [35] , may be a feasible option worth investigating. Third, settings in randomized trials can be different from those in routine care. Eligibility criteria, strict treatment regimens, blinding, written informed consent, and intensive management in randomized trials may affect the association of AEs with health utility and HRQOL.
In addition to the above, other limitations should be considered when interpreting our study findings. First, incomplete assessment of health utility and HRQOL cannot be avoided in randomized controlled trials. From the observed data, we cannot eliminate the possibility that poor health status was associated with incomplete assessment and led to attenuated association of AEs with health utility and HRQOL. However, completion rates through three assessment points were so high that it would be unlikely that the results were substantially biased. Second, we could not assess the cumulative and interactive effects of AEs. Some AEs such as neuropathy and edema have a persistent nature, but time spent with these AEs could not be modeled due to modeling complexities relative to sample size. In addition, some chemotherapy drugs often induce multiple AEs simultaneously, and this can be accounted for by modeling the interaction between multiple AEs. However, in general, statistical power for detecting interaction would be low in a study similar in size to the present study. Instead, our analysis, which assumed no interaction in additive scale [36] , provided stable estimates by averaging potential interaction. Third, we did not account for comorbidity in our analyses due to the lack of data. Elderly patients with cancer often have comorbid conditions [37] , which may affect both the incidence of AEs and health utility.
Conclusions
We investigated the impact of AEs on the health utility of metastatic breast cancer patients undergoing first-line chemotherapy, using the SELECT BC study data. Fatigue, oral mucositis, nausea, edema, motor neuropathy, sensory neuropathy, and myalgia were significantly associated with disutility, measured using the EQ-5D-3L. These results were supported by the cancer-specific EORTC QLQ-C30 results. Incorporating disutility caused by AEs into cost-effectiveness models would result in more accurate QALY estimates and lead to better decision making in allocating medical resources. TW Conflict of interest Yasuhiro Hagiwara was contractually employed by EP CRSU, and Yasuo Ohashi received consulting fees or honoraria from the Public Health Research Foundation and Taiho Pharmaceutical Co., Ltd. Takeru Shiroiwa, Kojiro Shimozuma, Takuya Kawahara, Yukari Uemura, Takanori Watanabe, Naruto Taira, Takashi Fukuda, and Hirofumi Mukai have declared no conflicts of interest.
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